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ABSTRACT 


Two-point  resolution  criteria  is  the  classic  way  of 
comparing  telescopes.  However,  the  standard  two-point 
resolution  criterion  is  not  appropriate  for  multi-aperture 
systems.  This  paper  proposes  a  new  two-point  resolution 
criterion  based  on  the  idea  of  thresholding  the  Irradiances  of 
the  resulting  far-field  diffraction  patterns  of  multi-aperture 
optical  systems.  The  threshold  was  defined  as  a  fraction  of 
the  central  lobe  irradiance.  The  thresholds  varied  from  0.1  to 
0.9  of  the  central  lobe  irradiance  of  the  far-field  diffraction 
patterns.  Theoretical  data  of  normalized  irradiance  versus 
point  separation  for  various  multi-aperture  optical  systems 
were  presented.  The  two-point  resolution  for  these 
configurations  was  analyzed.  The  two-point  resolution 
criterion  using  thresholds  was  demonstrated.  The  threshold 
criterion  provided  the  information  necessary  to  compare  the 
two-point  resolution  performance  of  a  particular  multi-aperture 
optical  system  illuminated  coherently  and  incoherently.  Also, 
this  criterion  allowed  the  comparison  of  the  two-point 
resolution  performance  of  systems  composed  of  three,  four,  and 
six  subapertures  illuminated  incoherently. 


X  1 


-N.N.N 


.NV*  i 


.s  ••  . 


TWO-POINT  RESOLUTION  CRITERION 


FOR  MULTI-APERTURE  OPTICAL  SYSTEMS 


I.  Introduction 


The  resolution  necessary  to  satisfy  the  Strategic  Defense 
Initiative  (SDI)  surveillance  needs  requires  large  diameter 
optical  systems.  The  size  required  exceeds  the  size  limits  for 
transportation  Into  appropriate  orbits  around  the  earth. 
Multi-aperture  optical  systems  are  one  of  the  many  proposed 
solutions  for  this  problem.  A  multi-aperture  system  Is 
composed  of  several  Identical  subapertures  arranged  such  that 
the  effective  diameter  of  the  system  Is  greater  than  that  of  a 
single  subaperture.  Figure  1.1  depicts  such  an  arrangement  (b) 
compared  with  an  equivalent  size  large  optic  (a).  A 
multi-aperture  system  has  many  advantages  over  a  single 
aperture  system.  However,  there  are  also  disadvantages  since 
the  area  contained  within  the  effective  diameter  of  any 
multi-aperture  system  Is  not  completely  filled.  The  possible 
number  of  configurations  of  the  apertures  Is  large.  Thus  the 
Imaging  properties  of  the  various  configurations  need  to  be 
Investigated  and  compared.  The  two-point  resolution  criterion 
Is  the  classic  way  of  comparing  single  aperture  telescopic 


systems.  However,  there  is  no  standard  two-point  resolution 
criterion  for  multi-aperture  systems.  The  purpose  of  this 
research  was  to  establish  a  two-point  resolution  criterion  for 
multi-aperture  systems. 

The  investigation  of  the  two-point  resolution  problem 
Involved  a  computer  analysis  of  symmetrically  arranged  three, 
four,  and  six  aperture  systems  composed  of  identical  circular 
apertures.  Refer  to  Figure  1.2  for  the  general  configuration 
of  these  systems.  Since  the  area  inside  these  multi-aperture 
systems  is  not  filled,  the  impulse  response  compared  with  that 
of  a  single  large  optic  is  considerably  different.  Figure  1.3 
illustrates  this  with  a  comparison  of  the  impulse  response  of  a 
single  large  optic  with  that  of  a  six  aperture  system  of  an 
equivalent  diameter  (Many  of  the  plots  in  this  paper  have  an 
Illustration  of  the  multi-aperture  system,  with  a  depiction  of 
the  relative  spacing  of  the  subapertures,  superimposed  in  the 
upper  right-hand  corner).  The  U  and  V  axis  labels  represent 
the  normalized  distance  in  the  observation  plane.  The 
diameters  of  the  two  optical  systems  are  considered  equivalent 

r 

when  the  diameter  of  the  single  large  optic  equals  the  diameter 
of  a  circle  which  Just  encloses  the  multi-aperture  system.  The 
impulse  response  of  the  six  aperture  system  is  characterized  by 
a  central  lobe,  the  central  peak  of  an  irradiance  pattern  of  an 
imaged  point  source,  surrounded  by  side  lobes.  Depending  on 
the  configuration  of  the  multi-aperture  system,  the  irradiance 
of  these  side  lobes  can  approach  the  irradiance  of  the  central 
lobe.  When  this  occurs,  the  standard  two-point  resolution 
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criterion  for  single  aperture  systems  is  not  appropriate. 


The  initial  portion  of  the  research  involved  the 
derivation  of  an  expression  describing  the  impulse  response  of 
any  multi-aperture  system.  This  expression  was  used  to  find 
the  far-field  diffraction  irradlance  patterns  of  the 
multi-aperture  systems  illuminated  coherently  and  incoherently 
by  two  closely-spaced  point  sources.  The  distance  between  the 
two  point  sources  was  varied  as  well  as  the  distance  between 
each  aperture  and  the  origin  of  the  multi-aperture  systems. 

The  effect  on  the  far-field  diffraction  patterns  was  noted  and 
used  to  establish  a  two-point  resolution  criterion  for 
multi-aperture  systems. 


Background 

Fender  (1)  discussed  the  advantages  and  disadvantages  of 
synthetic  (multi)  aperture  systems  compared  to  single  aperture 
systems.  She  examined  the  far  field  irradlance  patterns  of 
multi-aperture  systems  and  derived  an  expression  for  the 
Impulse  response  of  a  symmetric  hex-aperture  system. 

The  idea  of  two-point  resolution  for  single  aperture 
systems  has  been  examined  by  Lord  Rayleigh  (2)  and  Sparrow  (3). 
The  Rayleigh  criterion  states  that  two  mutually  incoherent 
point  sources  are  Just  resolved  when  the  center  of  the  Airy 
disk  produced  by  one  point  source  falls  on  the  first  minimum  of 
the  Airy  disk  produced  by  the  second  point  source  (4:130). 


This  results  in  approximately  a  19  percent  dip  in  the  center  of 
the  pattern  as  compared  to  the  maximum  value.  Figure  1.4a 
depicts  a  cross-section  of  the  resulting  irradiance  pattern 
when  this  condition  is  met. 

A  second  criterion  which  is  commonly  used  is  the  Sparrow 
criterion  (8:21).  The  irradiance  pattern  of  2  points  that  are 
resolved  is  characterized  by  two  diffraction  maxima  with  a 
central  minimum  between  them.  As  the  two  points  are  brought 
closer  together,  the  central  minimum  approaches  the  value  of 
the  adjacent  maxima  until  it  Just  disappears.  Sparrow  refered 
to  thij  point  as  the  "undulation  condition."  At  this  point, 
the  two  point  sources  are  considered  to  be  Just  resolved  by  the 
Sparrow  criterion  (5:19).  Figure  1.4b  depicts  the  Sparrow 
criterion  for  two  point  sources. 


II .  Theory 


One  measure  of  the  performance  of  an  optical  system  is  the 
ability  to  resolve  two  point  sources  (8:20).  The  goal  of  the 
present  research  was  to  establish  a  two-point  resolution 
criterion  for  multi-aperture  optical  systems.  In  order  to 
accomplish  this,  it  was  necessary  to  model  and  analyze  the 
far-field  diffraction  patterns  produced  by  any  multi-aperture 
optical  system  illuminated  by  two  closely-spaced  point  sources. 
To  form  a  baseline  for  this  theoretical  analysis,  the 
generalized  form  of  the  impulse  response  for  any  multi-aperture 
system  was  derived.  The  next  step  involved  the  derivation  of 
the  complex  field  amplitude  for  any  multi-aperture  system 
illuminated  by  two  closely-spaced  point  sources.  Finally,  this 
expression  for  the  complex  field  amplitude  was  used  to  solve 
for  the  irradiance,  at  the  image  plane,  for  coherent  and 
incoherent  illumination.  Implicit  in  the  following  analysis 
was  that  the  complex  field  amplitudes  of  the  two  point  sources 


were  equal  . 


MULTI-APERTURE  IMPULSE  RESPONSE 


Figure  2.1  depicts  the  configuration  used  to  model  a 
multi-aperture  system  (4:91).  In  this  analysis,  the  field 
produced  by  a  single  point  source  is  propagated  from  the  object 
plane,  through  the  aperture  plane,  to  the  image  plane. 

The  subapertures  which  comprise  the  multi-aperture  systems 
are  identical  circular  apertures.  Figure  2.2  illustrates  one 
form  of  a  multi-aperture  system.  This  particular  arrangement 
of  six  apertures  illustrates  the  variables  used  in  the 
calculation  of  the  impulse  response  for  all  of  the 
multi-aperture  systems.  In  this  analysis  "a"  was  the  radius  of 
each  of  the  subaper tures ;  n  was  equal  to  the  number  of 
apertures  in  the  system;  and  y^^  described  the  location  of 
the  centers  of  the  n^*'  subaperture;  0^  was  the  angle  in  degrees 

t*  K 

from  the  x  axis;  and  p^  was  the  distance  of  the  n  subaperture 
from  the  origin  of  the  system  and  was  expressed  in  terms  of 
multiples  of  the  subaperture  radius.  Figure  2.3  illustrates 
two  six  aperture  systems  with  aperture-origin  separations,  p^, 
equal  to  2.00a  and  3.00a. 

The  pupil  function  of  a  multi-aperture  function  can  be 
expressed  as  the  convolution  of  one  of  the  apertures  with  the 
delta  functions  which  describe  the  location  of  the  centers  of 
each  aperture.  As  a  result,  the  generalized  pupil  function  can 
be  written  as 

P(x,y)  =  circ[r/a]  *  Z  •;  ( x  -  p^cosG^  ,y  -  p^slne^  )  (2.1) 
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1.  Configuration  for  Observing  Impulse 
Response  for  a  Mu  1 1  i  -  A pe r t u r e  System. 


Example  of  a  Mul ti- Aperture  System  with  an 
A pe r t u r e -Or i g i n  Separation  of  p  and 
Subaperture  Radius  of  a. 


1  2 


where  eirc[p/a]  s  1  If  r/a  is  less  than  or  equal  to  1, 
otherwise,  it  equals  0.  The  cire  function  describes  a  single 
aperture  of  the  multi-aperture  system  where  a  is  the  radius  of 

P  P  1  /  p 

the  circular  aperture  and  r=(x  ♦y  )  . 

The  Impulse  response,  h(Xj^,y^),  is  defined  to  be  the 
Fourier  transform  of  the  exit  pupil  (4:111).  Therefore,  the 
Impulse  response  Is 


h(x^,y^)  =  F{P(x,y)} 

n 

=  F{clre[r/a])  •  F{56(x  -  P_cos0_,y  -  p^sln0  )) 

1  n  n  ’ '  '^n  n 

=  aJ^  [2TTa\/(x^^/Af (y^/Xf)^| 

>/(x^/Xf)^  +  (y^/Xf)^ 

•  ^  exp[-i2Ti(Xj^p^cos0jj  4.  yj^pjjSln0^)/Xf ]  (2.2) 

where  F{  }  denotes  the  Fourier  transform.  Mote  that  for  each 
delta  function,  which  describes  the  location  of  the  center  of  a 
particular  subaperture  in  the  aperture  plane,  there  corresponds 
a  plane  wave  traveling  from  the  subaperture  to  the  focal  point. 
The  envelope  function  of  this  impulse  response  is 

aJ^|2na  \/(x^/Xf)^  ♦  (y^/Af)^ 

♦  (y^/Xf)^  (2.3) 

which  is  a  scaled  version  of  the  Impulse  response  for  a  single 
subaperture  of  the  multi-aperture  system.  This  envelope 
function  Is  modulated  by  cosine  fringes  that  arise  from  the 


complex  exponentials  In  the  remaining  portion  of  equation 
(2.2).  The  frequency  of  the  cosine  fringes  is  a  function  of 
the  aperture-origin  spacing,  p^,  of  the  individual  subapertures 
from  the  origin. 

To  demonstrate  this  modulation,  consider  a  six  aperture 
system  with  an  aperture-origin  separation  of  2.00a  as  depicted 
in  Figure  2.3a.  Figure  2.4a  shows  the  irradiance  of  the 
envelope  function  of  equation  (2.2).  Figure  2.4b  is  a  plot  of 
the  irradiance  for  the  entire  equation  (2.2)  and  demonstrates 
how  the  envelope  function  has  been  modulated  by  the  cosine 
fringes  resulting  in  side  lobes.  When  the  apertures  were  moved 
further  apart,  the  side  lobes  increased  in  amplitude.  Figures 
2.5a  through  c  illustrate  this  phenomenon  for  a  six  aperture 
system  with  aperture-origin  separations  of  2.00a,  3.00a,  and 
4.00a,  respectively.  The  growth  of  the  side  lobes  make  the 
standard  single  aperture  two-point  resolution  criterion, 
Rayleigh  and  Sparrow  criteria,  inappropriate  since  these 
criteria  do  not  account  for  the  aide  lobes. 

MULTI-APERTURE  -  TWO  POINT  SOURCE  ILLUMINATION 

The  resulting  far-fleld  diffraction  pattern  due  to  the 
illumination  of  multi-aperture  systems  by  two  closely-spaced 
point  sources  were  computed  by  propagating  the  fields  from  the 
sources  through  the  configuration  depicted  in  Figure  2.6. 

The  point  sources  were  on  the  x^  axis  and  located 
distances  ♦b  and  -b  from  the  y^  axis.  The  field  at  the  object 
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Fig.  2.5.  Far-Field  Irradlance  Patterns  fo 
System  with  Aperture-Origin  Sepa 
a)'  2.00a,  b)  3.00a,  and  c)  ^l.OOa 
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Configuration  for  Observing  Irradlance 

Patterns  from  Two  Point  Sources  on  X 
_  o 


plane  was  described  by 


Propagating  the  fields  from  the  two  point  sources  through 
the  configuration  depicted  In  Figure  2.6  resulted  In  two  cases 
depending  on  whether  the  sources  were  coherent  or  Incoherent 
with  respect  to  each  other. 


Coherent  Analysis 

Propagation  of  the  fields  from  two  closely-spaced  coherent 
point  sources  to  the  Image  plane  resulted  In  the  complex  field 
amplitude 


u(Xj^,yj^)  = 


5  [  (Xj^-b)  /\  f  ,  y^/'  f )  ] 


5  [  (Xj_  +  b)/A  f  ,  y^/Af)] 


2a^  J 


2tt  a\/(Xj^/A  f)*^  Z  (  y  ^  /  \  f  )  ^ 


2a\/(  Xj^/A  f  ♦  (  yj^/'  f 
•  I  Zexp[-127T  p^CXj^Gose^  ♦  yj^sine^  )  /  •  f  ]  j  j 


(2.5) 


The  coordinates  In  the  Image  plane  were  normalized  using 
the  relations 

U  =  Xj^d-/  ‘  f  (2.6) 

and 

V  =  y^^dn/  ^  f  (2.7) 


Letting  ^f  al.O  and  performing  the  convolution  resulted  In 


Uj^(U,V) 


3 


aJ 


^  2a\/nj^ 


7Tb  )  ' 


n 

Z«xp 

1 


\/(U-7rb)^  ♦ 

-l[p^(Ueoa0„  -  TTbcos©  ■*•  Vsin9„)/a] 
inn  n  n 


aJ^  2a'\/(  U-*-TTb  )  ^ 

-  y/(u77b)^~~r~7^ 

•  Eexp  [-1  [  p  ( Ucos9_  ■*■  7Tbcos9„  ■*•  Vsin9„)/a]l 
1.  1  I  n  n  n  n  j  j 

=  u  ♦  u.  (2.8) 

-b  ♦b 

where  a  =  radius  of  each  subaperture,  p^  z  separation  of 

subapertures  from  the  origin  of  the  multi-aperture  system  in 

terms  of  a,  b  s  point  separation,  9^  z  angle  from  x  axis  which 

described  the  location  of  the  center  of  each  subaperture,  n  z 

number  of  subapertures  in  the  multi-aperture  system,  and  u. 

^-b 

was  the  field  at  the  image  plane  due  to  the  point  source  at  -b 

on  the  X  (object  plane)  axis  and  u.  was  the  field  at  the 

t-b 

image  plane  due  to  the  point  source  located  at  ♦b  on  the 
axis. 

The  irradiance  at  the  image  plane,  I  ^^  (  U  ,  V  )  ,  was  expressed, 
as  (4:109) 


I^(U, V) 


u^  (  U  ,  V  ) 


(2.9) 


O  •  • 


where  Uj^(U,V)  was  the  complex  amplitude  computed  in  equation 
(2.8).  Equations  (2.8)  and  (2.9)  were  used  to  calculate  the 


coherent  far-field  diffraction  irradiance  patterns  at  the  image 


plane  for  the  three  multi-aperture  systems  in  this  theoretical 
analysis  . 

Incoherent  Analysis 

When  a  multi-aperture  system  was  configured  as  in  Figure 
2.6  and  illuminated  by  two  closely-spaced  incoherent  point 
sources,  the  irradiance  at  the  image  plane,  I^(U,V),  was 
expressed  as  (4:110) 

Ij^(U,V)  =  |u^ 

-b  ♦b 

=  I.  +1.  (2.10) 

-b  ♦b 

where  I,  was  the  irradiance  in  the  image  plane  due  to  the 

-b 

point  source  located  at  -b  on  the  x  axis,  and  I.  was  the 

♦  b 

irradiance  in  the  image  plane  due  to  the  point  source  located 

at  ♦b  on  the  x  axis.  u^^  and  u.  were  found  using  equation 

-b  ♦b 

(2.8)  which  described  the  complex  field  amplitude  at  the  image 
plane  due  to  two  point  sources  at  -b  and  ♦b  on  the  x^  axis. 
Equations  (2.8),  (2.9),  and  (2.10)  formed  the  basis  for  the 
calculations  of  the  far  field  diffraction  irradiance  patterns 
which,  in  turn,  were  used  to  establish  a  two-point  resolution 


criterion . 


III.  Results 


The  following  is  a  discussion  and  analysis  of  the  results 
of  the  calculated  diffraction  patterns.  Using  these  results,  a 
two-point  resolution  criterion  was  established  and  its  use 
demonstrated  for  three  multi-aperture  optical  systems. 

COMPUTER  PROGRAM 

The  Fortran  computer  program  that  was  used  to  compute  the 
diffraction  patterns  is  listed  in  Appendix  A.  The  first 
portion  of  the  program  computes  the  diffraction  patterns  of  the 
envelope  function  from  each  point  source  using  the  IMSL  (9) 
subroutine  MMBSJ1  to  calculate  the  required  Bessel  functions. 
This  was  followed  by  the  calculation  of  the  field  amplitudes 
caused  by  the  two  closely-spaced  point  source  fields  which 
propagated  through  the  multi-aperture  systems.  The  final 
portion  of  the  program  detected  and  stored  the  secondary  side 
lobe  maxima  . 

DATA  COLLECTION  AND  ANALYSIS 

Diffraction  patterns  from  three  multi-aperture  optical 
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systems,  at  varying  aperture  and  point  separations,  were 
calculated  and  analyzed.  Figure  3-1  depicts  the  aperture 
systems.  These  three  aperture  systems,  which  were  comprised  of 
a  varying  number  of  apertures  and  aperture-origin  separations, 
were  chosen  to  demonstrate  that  the  new  two-point  resolution 
criterion  proposed  in  this  paper  would  apply  to  any 
multi-aperture  system.  The  aperture-origin  separations  of  the 
six  and  four  aperture  systems  varied  from  2.00a  to  5.00a  (a  = 
aperture  radius)  while  the  three  aperture  system  varied  from 
1.1547a  to  5.00a.  Due  to  the  geometry  of  three  aperture 
system,  1.1547a  was  the  minimum  aperture-origin  separation 
necessary  for  the  subapertures  to  Just  contact  each  other. 

The  initial  portion  of  the  theoretical  analysis  consisted 
of  examining  diffraction  patterns  from  each  multi-aperture 
configuration.  The  aperture-origin  separations  varied  from 
where  the  apertures  were  Just  in  contact  with  each  other  until 
the  aperture-origin  separation  was  a  distance  of  5.00a,  where  a 
=  aperture  radius.  At  each  aperture-origin  separation,  the 
separation  of  the  point  sources  varied  from  a  normalized 
distances  of  0.00  to  1.50.  At  each  point  separation,  the 
diffraction  pattern  was  analyzed  to  determine  the  irradiance  of 
the  central  lobes  and  the  maximum  Irradiance  of  the  secondary 
side  lobes.  Figures  3.2a  through  c  illustrate  these 
diffraction  patterns  for  several  aperture  systems  Illuminated 
incoherently  by  two  point  sources.  In  all  cases,  the  maximum 
value  of  Irradiance  of  each  diffraction  pattern  was  normalized 
to  1.00.  Figure  3.2a  is  the  diffraction  pattern  for  a  single 
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Irradlance  Patterns  for  Incoherent  Two-Point 
Illumination  of  a)  Single  Large  Aperture, 

Six  Aperture  Systems  with  Aperture-Origin 
Separations  of  b)  2.00a  and  c)  U.OOa.  Each 
Irradiance  Pattern  in  each  Series 
Corresponds  to  Point  Separations  of  0.00, 
0.16  -  Single  Aperture  Sparrow  Limit,  0.19  - 
Single  Aperture  Rayleigh  Limit,  and  0.50, 


large  aperture  that  has  an  equivalent  diameter  of  a  six 
aperture  system  with  an  aperture-origin  separation  of  2.00a. 
Figures  3.2b  and  c  are  diffraction  patterns  for  a  six  aperture 
system  with  aperture-origin  separations  of  2.00a  and  4.00a, 
respectively.  The  normalized  point  separations  for  each  series 
of  patterns  are  0.0,  0.l6  (which  is  the  Sparrow  limit  for  the 
single  aperture  system),  0.19  (which  is  the  Rayleigh  limit  for 
the  single  aperture  system),  and  0.5,  respectively.  The  series 
of  patterns  from  the  single  aperture  system  exhibited  the 
summation  of  two  Airy  patterns.  However,  the  patterns 
generated  by  the  six  aperture  systems  were  considerably 
different.  The  diffraction  patterns  for  a  single  point  source 
illumination  for  these  cases  exhibited  a  central  lobe  with  a 
normalized  irradiance  of  1.0  surrounded  by  six  side  lobes.  As 
the  point  sources  varied  in  separation,  there  was  a  variation 
in  the  individual  side  lobe  irradiances  due  to  the  addition  of 
the  irradiances  from  each  point  source.  For  the  case  of  the 
six  aperture  system  with  an  aperture-origin  separation  of  4.00a 
illuminated  by  the  two  point  sources  separated  by  0.5  distance, 
the  side  lobe  irradiances  approached  the  irradiance  value  of 
the  central  lobes.  Due  to  the  existence  of  these  side  lobes, 
the  two-point  resolution  criterion  used  for  single  aperture 
systems  is  not  appropriate  for  the  multi-aperture  systems. 

Irradiance  versus  Point  Separation  Plots 


separations,  which  varied  from  0.00  through  1.50  with  0.05 
increments,  and  a  single  aperture-origin  separation  were 
collated  on  Irradiance  versus  Point  Separation  plots.  Data 
were  collected  for  aperture-origin  separations  of  2.00a  through 
5.00a  at  0.25a  increments  for  the  four  and  six  aperture 
systems.  The  values  of  aperture-origin  separation  for  the 
three  aperture  system  were  1.1547a  through  5.00a.  The  values 
of  Irradiance  on  each  plot  were  normalized  such  that  the 
maximum  irradiance  value  was  equal  to  1.0. 

Figure  3*3  is  an  example  of  an  Irradiance  vs.  Point 
Separation  plot.  This  plot  is  a  collection  of  data  for  a  six 
aperture  system  with  an  aperture-origin  separation  of  2.00a  and 
illuminated  by  two  incoherent  point  sources.  The  solid  curve 
represents  the  irradiance  at  the  point  which  is  the  geometric 
midpoint  between  the  imaged  points  of  the  two  point  sources 
(defined  as  the  central  value),  or  the  squared  modulus  of  the 
field  amplitude  at  the  same  point  if  coherently  Illuminated. 
This  central  value  remained  equal  to  1.0  from  a  point 
separation  of  0.00  to  the  point  separation  where  the  Sparrow 
like  criterion  was  met.  Refer  to  Figure  3.2b  for  a  depiction 
of  the  Sparrow  criterion.  Once  the  point  separation  was 
greater  than  the  Sparrow  like  criterion,  the  central  value 
began  to  decrease.  That  is,  a  dip  in  the  irradiance  between 
the  now-resolved  point  images  would  deepen  as  the  point 
separation  was  increased.  Once  the  central  value  curve  reached 
a  minimum,  it  was  terminated. 

The  dashed  curve  represents  the  maximum  side  lobe 
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3.3.  Example  Irradiance  vs.  Point  Separation  Plot 
for  a  Six  Aperture  System,  Aperture-Origin 
Separation  =  2.00a,  Illuminated  Incoherently 

( _  Central  Value,  _  _  _  Side 

Lobe  Max Ima  )  . 


Irradlance  at  a  particular  point  separation.  For  example, 
point  A  in  Figure  3-3  represents  the  data  from  Figure  3*2b 
which  had  a  maximum  side  lobe  irradlance  of  0.11  at  a  point 
separation  of  0.50.  This  value  was  placed  on  the  Irradlance 
vs.  Point  Separation  plot.  This  procedure  was  repeated  for 
point  separations  of  0.00  through  1.50  in  Increments  of  0.05. 

When  the  aperture-origin  separation  became  large  enough, 
the  side  lobe  maximum  irradlance  could  be  equal  to  or  greater 
than  the  central  lobe  irradlance.  This  is  evident  in  Figure 
3.4  which  displays  the  irradlance  pattern  for  a  six  aperture 
system  with  an  aperture-origin  separation  of  4.00a  and 
illuminated  by  two  coherent  point  sources  separated  by  0.50 
distance.  The  side  lobe  maximum  irradlance  is  greater  than  the 
central  lobe  irradlance.  This  situation  is  represented  on 
Figure  3.5,  the  Irradlance  vs.  Point  Separation  plot  for  this 
aperture  system,  as  point  A.  Whenever  the  side  lobe  maxima 
exceeded  the  central  lobe  irradiances,  the  side  lobe  maxima  was 
limited  to  a  normalized  value  of  1.0. 

TWO  POINT  RESOLUTION  CRITERION  -  THRESHOLDS 

The  Impulse  response  of  a  multi-aperture  system  is 
characterized  by  a  narrow  central  lobe  surrounded  by 
side  lobes.  When  adding  the  fields  or  irradiances  from  two 
point  sources  propagated  through  a  mul t i -aperture  system,  the 
side  lobe  irradiances  could  equal  or  exceed  the  height  of  the 
central  lobes.  As  a  result,  two-point  resolution  is  not  solely 
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a  matter  of  central  lobe  width,  but  Is  also  dependent  upon  the 
height  of  the  side  lobes.  The  single  aperture  two-point 
resolution  criterion  does  not  take  Into  account  the  effect  of 
these  side  lobes.  Because  of  this  problem,  a  new  two-point 
resolution  criterion  was  proposed. 

The  new  two-point  resolution  criterion  proposed  In  this 
paper  Is  based  on  the  Idea  of  thresholds.  The  threshold  Is 
defined  as  a  fraction  of  the  central  lobe  Irradlance.  Any  lobe 
Irradlance  which  la  greater  than  the  specified  threshold  Is 
observed  while  any  with  Irradlances  less  than  the  specified 
threshold  are  disregarded.  The  thresholds  vary  from  0.1  to  0.9 
of  the  central  lobe  Irradlance  of  the  far-fleld  diffraction 
patterns. 

Figures  3.6a  through  d  Illustrate  the  threshold  Idea  using 
diffraction  patterns  for  a  six  aperture  system  with  an 
aperture-origin  separation  of  3.00a  which  was  Illuminated  by 
two  closely-spaced  coherent  point  sources.  The  two  point 
sources  were  separated  by  a  normalized  distance  of  0.70.  The 
grid,  which  la  a  plane  parallel  to  the  U-V  plane,  represents 
the  threshold  value.  Figure  3.6a  represents  the  threshold  at  a 
value  of  0.1.  At  this  threshold,  there  existed  a  substantial 
number  of  side  lobes.  However,  as  the  threshold  value 
Increased,  the  number  of  secondary  lobes  that  were  greater  than 
the  threshold  value  decreased.  When  the  0.9  threshold  was 
reached,  the  only  two  diffraction  lobes  which  remained  were  the 
central  lobes  which  represented  the  detected  location  of  the 
two  point  Images  which  were  clearly  resolved. 
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Diffraction  Patterns  Limited  by  Threshold 
Values  of  a)  0.1,  b)  0.3,  c)  0.5,  and 
d)  0.9. 


Figures  3.7a  through  d  depict  the  diffraction  patterns  for 
a  six  aperture  system  with  an  aperture-origin  separation  of 
3.00a  illuminated  by  two  coherent  point  sources  and  limited  by 
a  threshold  value  of  0.5.  The  two  point  sources  varied  in 
separation  such  that  the  imaged  points  moved  from  being  clearly 
resolved  to  unresolved.  Figure  3.7a  represents  the  point 
source  separation  of  1.50.  At  this  point  separation,  the 
imaged  point  sources  are  clearly  resolved.  However,  at  point 
separations  of  0.70  and  0.65,  depicted  in  Figures  3.6b  and  c, 
respectively,  the  side  lobes  have  irradlances  greater  than  the 
0.5  threshold  value,  and,  as  a  result,  the  two  imaged  point 
sources  are  no  longer  resolved.  Figure  3.6d  depicts  the 
situation  where  the  point  sources  have  moved  to  a  point 
separation  of  0.30.  According  to  this  diffraction  pattern  with 
the  imposed  threshold  value,  the  imaged  points  are  resolved. 

The  phenomenon  of  the  two  point  sources  passing  in  and  out  of 
resolution  is  evident  in  the  Irradiance  vs.  Point  Separation 
plots  presented  in  this  paper.  However,  the  new  two-point 
resolution  criterion  that  la  being  proposed  is  conservative. 

The  point  separation  where  two  point  sources  were  considered 
resolved  was  determined  by  moving  the  two  point  sources  from  an 
infinite  point  separation  towards  a  0.00  point  separation. 

Once  the  two  point  sources  became  unresolved,  they  were 
considered  unresolved  at  all  lesser  point  separations. 

To  establish  the  threshold  criterion,  the  Irradiance  vs. 
Point  Separation  plots  were  analyzed.  As  an  example,  consider 
the  same  six  aperture  system  with  an  aperture-origin  separation 


Diffraction  Patterns  of  a  Six  Aperture 
System  with  an  Aperture-Origin  Separation 
of  3*00a  Illuminated  by  Two  Coherent 
Point  Sources  and  Limited  by  a  Threshold 
Value  of  0.5  at  Point  Separations  of 
a)  1.50,  b)  0.70,  c)  0.65,  and  d)  0.30. 


of  3-OOa  (Figure  3.1c)  which  was  illuminated  by  two 
closely-spaced  coherent  point  sources.  The  Irradiance  vs. 

Point  Separation  plot  which  represents  this  configuration  is 
presented  in  Figure  3.8a.  A  dotted  line  has  been  added  to  this 
figure  which  represents  0.1  the  value  of  the  central  lobe 
irradiance.  This  is  the  0.1  threshold  value.  Since  all  of  the 
aide  lobe  maxima  are  greater  than  the  0.1  threshold  value  at 
all  point  separations,  the  two  central  lobes  cannot  be  resolved 
from  the  surrounding  aide  lobes.  As  a  result,  it  is  not 
possible  to  resolve  the  two  point  sources  at  any  point 
separation . 

Figure  3.8b  represents  the  0.3  threshold  value.  At  0.3  of 
the  central  lobe  irradiance,  this  multi-aperture  system  with  a 
3.00a  aperture-origin  separation  was  able  to  resolve  the  two 
central  lobes  of  the  diffraction  pattern  at  a  point  separation 
of  approximately  0.80  or  greater.  Figure  3.8c  represents  the 
0.7  threshold  value.  This  multi-aperture  system  was  able  to 
resolve  the  two  central  lobes  as  long  as  the  two  point 
separation  was  at  least  0.70. 

Figure  3.8d  depicts  the  case  when  the  threshold  value  was 
greater  than  the  maximum  side  lobe  irradiance  at  any  point 
separation.  When  this  situation  occured,  the  two-point 
resolution  criterion  for  multi-aperture  systems  reduced  to  the 
Sparrow  like  criterion. 
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Fig.  3.8.  Illustration  of  Threshold  Criterion  for 
Coherently  Illuminated,  Six  Aperture 
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Threshold  Plots 


The  threshold  plots  Introduced  in  this  section  are 
collations  of  data  from  the  Irradiance  vs.  Point  Separation 
plots  using  the  threshold  analysis.  There  is  one  threshold 
plot  for  each  type  of  multi-aperture  system  at  various 
aperture-origin  separations.  The  point  separation  where 
two-point  resolution  is  acheived  at  a  specific  threshold  value 
is  plotted  for  each  aperture-origin  separation. 

Figure  3.9  is  a  demonstration  of  how  a  threshold  plot  was 
compiled  for  a  threshold  value  of  0.3.  For  this  example,  an 
six  aperture  system  was  illuminated  by  two  coherent  point 
sources.  The  aperture-origin  separation  varied  from  2.00a 
through  5.00a  in  increments  of  0.25a.  For  each  aperture-origin 
separation,  the  point  separation  where  two-point  resolution 
exists  was  plotted  for  a  threshold  value  of  0.3.  As  the 
aperture-origin  separation  increased,  the  point  separation 
where  one  was  able  to  resolve  the  two  points  generally 
increased  for  this  particular  threshold  value.  For  instance, 
at  an  aperture-origin  separation  of  2.00a,  the  two  points  were 
resolved  at  a  point  separation  of  0.65.  At  an  aperture-origin 
separation  of  3.00a>  the  two  points  were  resolved  at  a  point 
separation  of  0.75.  As  the  aperture-origin  separation 
Increased  above  3.00a,  the  resol  -tlon  limit  also  Increased.  As 
stated  earlier  in  this  paper,  this  new  two-point  resolution 
criterion  is  conservative  and  is  displayed  as  such  in  all 


threshold  plots . 
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Example  Threshold  Plot  for  Coherently 
Illuminated  Six  Aperture  System  at 
Threshold  of  O.l. 


The  two-point  resolution  points  for  various  aperture 
configurations  were  found  for  the  threshold  values  of  0.1,  0.3, 
0.5,  0.7,  and  0.9  and  placed  on  one  threshold  plot.  Figure 
3.10  is  an  example  of  a  complete  threshold  plot  for  a  six 
aperture  system  illuminated  by  two  coherent  point  sources.  The 
threshold  curves  were  computed  using  the  same  method  as  that 
for  the  0.3  threshold  curve  depicted  in  Figure  3-9.  Generally, 
as  the  threshold  value  increased  for  a  particular 
aperture-origin  separation,  the  point  separation  necessary  to 
resolve  two  point  sources  decreased.  This  is  the  form  of  the 
data  that  will  be  used  for  the  analyses  presented  in  this 
paper . 

RESULTS  -  THRESHOLD  TWO-POINT  RESOLUTION  CRITERION 

Three  specific  multi-aperture  systems  were  analyzed  to 
demonstrate  the  proposed  two-point  resolution  criterion  using 
the  threshold  idea.  Each  system  was  examined  with  both 
coherent  and  incoherent  illumination. 

Three  Aperture  System 

For  the  three  aperture  system,  the  ap e r t ur e -or  ig  in 
separation  was  varied  from  1.1547a  through  5.00a.  Figures 
3.11a  through  d  are  Irradiance  v:j.  Point  Separation  plots  for 
aperture-origin  separations  of  1.1547a,  2.00a,  3.00a,  and  4.00a 

which  were  coherently  illuminated.  The  side  lobe  maxima 
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increased  rapidly  as  the  aperture-origin  separation  increased. 
Figures  3.12a  through  d  are  the  same  plots  for  the  aperture 
configuration  except  that  the  system  was  incoherently 
Illuminated.  Note  the  decrease  in  the  side  lobe  maxima  as 
compared  to  the  coherently  illuminated  system.  Note,  also,  the 
increase  in  resolution  (Sparrow  criterion  of  the  central  lobe) 
as  the  dilution  Increased.  This  was  a  result  of  the  narrowing 
of  the  central  lobes  as  the  aperture-origin  separation 
increased . 

The  threshold  plots  for  the  coherent  and  incoherent 
illumination  of  the  three  aperture  system  are  presented  in 
Figures  3«13a  and  b.  These  threshold  plots  allow  a  comparison 
of  the  two-point  resolution  performance  of  the  coherently  and 
Incoherently  illuminated  three  aperture  system.  In  this  case, 
Figures  3.13a  and  b  indicate  that  for  a  given  aperture-origin 
separation  for  coherent  and  incoherent  illumination,  the 
incoherently  Illuminated  system  had  superior  two-point 
resolution  performance  at  all  thresholds.  For  Instance,  at  a 
threshold  value  of  0.9  and  an  aperture  separation  of  2.00a,  the 
incoherent  system  was  able  to  resolve  two  point  sources 
separated  by  a  normalized  distance  of  0.15;  whereas  the 
coherent  system  required  a  normalized  point  separation  of  0.70 
to  resolve  the  two  points.  This  was  a  result  of  the  relative 
decrease  of  the  side  lobe  maxima  when  the  three  aperture  system 
was  illuminated  incoherently  rather  than  coherently.  For 
Incoherent  illumination,  the  irradlances  from  the  two  point 
sources  are  summed.  However,  For  coherent  illumination,  the 
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Fig.  3.12.  Irradlance  vs.  Point  Separation  Plots  for 
Incoherently  Illuninated  Three  Aperture 
System  with  Aperture-Origin  Separations  of 
a)  I.ISMTa,  b)  2.00a,  c)  3.00a,  and 
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field  amplitudes  from  the  point  sources  are  added  and  then 
squared.  This  can  cause  greater  side  lobe  Irradlances  when 
compared  to  the  Incoherent  case. 

Four  Aperture  System 

For  the  four  aperture  system,  the  aperture-origin 
separation  was  varied  from  2.00a  through  5.00a  In  Increments  of 
0.25a.  Figures  S.l'+a  through  d  are  the  Irradlance  vs.  Point 
Separation  plots  for  the  2.00a,  3.00a,  4.00a,  and  5.00a 
aperture-origin  separations  which  were  coherently  Illuminated. 
As  described  In  the  three  aperture  system,  the  Increase  of  the 
side  lobe  Irradlance  was  evident  as  the  aperture-origin 
separation  Increased.  Figures  3.15a  through  d  are  the 
Irradlance  vs.  Point  Separation  plots  for  the  same  aperture 
system  Illuminated  Incoherently.  As  was  noted  In  the  three 
aperture  case,  the  side  lobe  maxima  generally  decreased  as 
compared  to  the  coherently  Illuminated  system.  In  addition, 
there  was  Increased  resolution  (Sparrow  criterion)  as  the 
aperture-origin  separation  Increased.  This  was  also  noted  In 
the  three  aperture  system. 

The  threshold  plots  for  the  coherently  and  Incoherently 
Illuminated  four  aperture  system  are  presented  In  Figures  3.16a 
and  b,  respectively.  As  demonstrated  In  the  three  aperture 
case,  these  plots  allow  a  comparison  of  the  ability  of  the  four 
aperture  system  to  resolve  two  point  sources  at  various 
aperture-origin  separations.  Generally,  the  Incoherent 
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two-point  resolution  performance  was  superior  to  the  coherent 
performance  as  a  result  of  the  relative  decrease  in  the  side 
lobe  maxima.  The  superior  performance  of  the  incoherently 
illuminated  system  is  most  evident  in  the  0.7  and  0.9  threshold 
curves.  At  these  thresholds,  the  incoherently  illuminated 
system  was  able  to  resolve  two  point  sources  at  point 
separations  considerably  less  than  in  the  coherently 
illuminated  case. 

Six  Aperture  System 

In  the  six  aperture  system,  the  aperture-origin  separation 
varied  from  2.00a  through  5.00a  in  increments  of  0.25a. 

Figures  3.17a  through  d  are  the  Irradiance  vs.  Point  Separation 
plots  for  the  2.00a,  3.00a,  4.00a,  and  5.00a  aperture-origin 
separations  which  were  coherently  illuminated.  Figures  3.l8a 
through  d  are  the  same  pious  for  Incoherent  illumination.  As 
described  in  the  three  and  four  aperture  cases,  the  side  lobe 
maxima  increased  considerably  as  the  aperture-origin  separation 
increased.  In  addition,  the  side  lo ^e  maxima  for  the 
incoherently  illuminated  system  were  less  than  that  for  the 
coherently  illuminated  system.  Also,  the  point  separation 
necessary  to  satisfy  the  Sparrow  criterion  decreased  as  the 
aperture-origin  separation  increased. 

The  threshold  plots  for  the  six  aperture  system 
illuminated  coherently  and  Incoherently  are  depicted  in  Figures 


3.19a  and  b,  respectively.  As  was  Illustrated  in  the  three  and 
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7.  Irradlance  vs.  Point  Separation  Plots  for 
Coherently  Illuminated  Six  Aperture 
System  with  Aperture-Origin  Separations  of 
a)  2.00a,  b)  3.00a,  c)  M.OOa,  and  d)  5.00a 

( _ Central  Value,  _  _  _  Side 

Lobe  Maxima). 
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four  aperture  cases,  these  plots  allow  one  to  evaluate  and 
compare  the  two-point  resolution  performance  of  a  six  aperture 
system  illuminated  coherently  and  incoherently.  As  in  the 
three  and  four  aperture  systems,  the  point  separation  required 
to  achieve  two-point  resolution  at  all  thresholds,  at  a  given 
aperture-origin  separation,  in  the  incoherent  case  was 
consistently  less  than  the  coherent  case.  This  is  particularly 
evident  at  a  threshold  of  0.9  and  an  aperture-origin  separation 
of  4.00a.  In  this  configuration,  the  coherently  illuminated 
system  required  a  0.60  point  separation  for  two-point 
resolution,  whereas  the  incoherently  illuminated  system 
required  only  a  0.10  point  separation  to  resolve  the  two  point 
sources . 

Six  Aperture  System  -  Point  Sources  Rotated  20° 


The  configuration  for  imaging  the  two  point  sources 
rotated  20°  in  the  x^-yg  axis  of  the  object  plane  is  depicted 
in  Figure  3-20.  As  the  point  sources  were  rotated  in  the 
object  plane,  there  was  a  change  in  the  point  separations 
necessary  to  insure  two-point  resolution.  This  was  a  result  of 
the  side  lobes  of  each  diffraction  pattern  rotating  about  their 
respective  central  lobes.  As  a  result,  the  summed  fields 
(coherent  illumination)  or  irradiances  (incoherent 
illumination)  of  the  side  lobes  differed  from  those  of  the 

system  where  the  two  point  sources  were  located  on  the  x  axis 

0 

in  the  object  plane.  To  Illustrate  this  point,  refer  to 
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Figures  3«21a  and  b.  Figure  3-21a  represents  the  two-point 
coherent  illumination  of  an  six  aperture  system,  with 
aperture-origin  separation  of  2.00a,  where  the  two  point 
sources  were  on  the  axis  and  had  a  point  separation  of  0.5. 
Figure  3.21b  represents  the  same  configuration,  however,  the 
two  point  sources  were  rotated  20°  in  the  Xq-Yq  plane.  Because 
of  the  rotation,  the  resulting  far-fleld  diffraction  pattern 
was  altered. 

Figures  3.22a  through  d  illustrate  the  Irradiance  vs. 

Point  Separation  plots  for  coherent  illumination  of  two  point 
sources  which  were  rotated  20°  in  the  plane.  The 

aperture-origin  separations  were  2.00a,  3.00a,  4. 00a,  and 
5.00a.  Comparison  with  the  same  system  with  the  two  point 
sources  located  on  the  x^  axis  (Figures  3.17a  through  d) 
indicated  that  the  rotation  of  the  two  point  sources  produced  a 
substantial  change  in  the  side  lobe  maxima  at  the  various  point 
separations.  This  was  further  emphasized  when  comparing  the 
threshold  plots  in  Figures  3.23a  and  b.  The  differences 
between  the  two  plots  is  most  evident  at  the  0.7  and  0.9 
thresholds.  From  2.75a  through  4.00a  aperture-origin 
separations,  the  system  with  the  rotated  point  sources  had 
superior  two-point  resolution  performance  at  the  0.7  threshold. 


At  the  0.9  threshold  and  3.00a  to  5.00a  aperture-origin 
separation,  this  system  clearly  outperformed  the  system  with 
the  point  sources  on  the  x^  axis. 
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ig.  3.22.  Irradlance  va .  Point  Separation  Plots  for 

Coherently  Illuminated,  Six  Aperture 

System  with  Aperture-Origin  Separations  of 

a)  2.00a,  b)  3.00a,  c)  4.00a,  and  d)  5.00a 

with  the  Two  Point  Sources  Rotated  20^ 

in  the  X  -  Y  (Object)  Plane, 
o  o 
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Fig.  3.23.  Threshold  Plots  for  Six  Aperture  System 
Illuminated  Coherently  with  Two  Point  S 
a)  Located  on  the  X  Axis  and  b)  Rotate 
in  the  X  -Y  (Object)  Plane  (Threshold 
Values:^  °  0.1,  0.3, 


I 

4 

Multi-Aperture  Systems  Comparison 

The  threshold  plots  provided  the  Information  necessary  to 
choose  among  several  multi-aperture  optical  systems  for 
superior  two-point  resolution  performance.  To  demonstrate  the 
use  of  the  threshold  plots  In  comparing  the  two-point 
resolution  performance  of  the  three,  four,  and  six  aperture 
systems,  refer  to  Figures  3.24a  through  d.  These  curves 
represent  the  0.3i  0.5,  0.7,  and  0.9  threshold  values  for  each 
multi-aperture  system  Illuminated  Incoherently. 

Figure  3.24a  represents  the  two-point  resolution 
performance  of  the  three  multi-aperture  systems  at  a  threshold 
value  of  0.3.  It  la  evident  from  this  plot  that  the  six 
aperture  system  outperforms  the  three  and  four  aperture  systems 
except  at  an  aperture-origin  separation  of  3.00a.  At  this 
aperture-origin  separation,  the  four  and  six  aperture  threshold 
curves  Intersect  which  Indicates  that  the  two  systems  were  able 
to  Initially  resolve  the  two  point  sources  at  a  point 
separation  of  0.70. 

As  the  threshold  values  rose  to  the  0.9  value  (Figures 
3.24b  through  d),  the  two-point  performance  of  the  four  and  six 
aperture  systems  became  more  closely  aligned.  This  is  most 
pronounced  In  Figure  3.24d.  At  the  0.9  threshold  value,  the 
threshold  curves  of  the  four  and  six  aperture  systems  are 
identical  except  at  the  aperture-origin  separations  of  2.00a  to 
2.50a  and  3.25a  to  3.75a.  At  these  separations,  the  six 


aperture  system  slightly  outperformed  the  four  aperture  system. 
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5.  3.24.  Threshold  Plots  for  Comparing  the 
Incoherent  Two-Point  Resolution 

Performance  of  the  Three  ( _ ) , 

Four  ( _  _  _ ),  and 

Six  (____)  Aperture  Systems  at 
Threshold  Values  of  a)  0.3,  b)  0.5, 
c)  0.7,  and  d)  0.9. 


At  all  threshold  values,  except  at  the  aperture-origin 
separation  of  2.00a,  the  four  and  six  aperture  systems 
outperformed  the  three  aperture  system.  At  an  aperture-origin 
separation  of  2.00a  and  0.7  and  0.9  threshold  values,  all  three 
aperture  systems  performed  equally  well  and  were  able  to 
resolve  two  point  sources  at  a  point  separation  of  0.14. 
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IV.  Conclusions 


This  research  has  proposed  a  new  two-point  resolution 
criterion  for  multi-aperture  optical  systems  for  both  coherent 
and  Incoherent  Illumination.  This  criterion  Is  based  on  the 
use  of  thresholds  of  the  resulting  far-fleld  diffraction 
patterns  of  multi-aperture  optical  systems.  The  thresholds, 
which  are  defined  as  a  fraction  of  the  central  lobe  Irradlance 
of  the  Imaged  point,  varied  from  0.1  to  0.9  of  the  central  lobe 
Irradlance  of  the  far-fleld  diffraction  patterns.  Any  lobe 
Irradlance  which  was  greater  than  the  specified  threshold  was 
observed  while  those  with  Irradlances  less  than  the  specified 
threshold  were  disregarded.  When  the  side  lobe  Irradlance 
maxima  were  less  than  the  threshold  value  and  the  two-point 
separation  was  greater  than  the  Sparrow  limit,  the  two  point 
sources  were  considered  resolved. 

Additional  conclusions,  which  resulted  from  the  analysis 
of  the  three  different  multi-aperture  systems  using  the 
threshold  criterion,  follow: 

(1)  The  threshold  plots  provided  the  information 
necessary  to  compare  the  two-point  resolution 
performance  of  a  particular  multi-aperture  optical 
system  Illuminated  coherently  and  Incoherently. 


(2)  The  threshold  plots  provided  the  Information 
necessary  to  compare  the  two-point  resolution 
performance  of  different  multi-aperture  systems 
for  incoherent  illumination. 

(3)  The  two-point  resolution  performance  for  each 
mul ti -aperture  system  incoherently  illuminated 
was  superior  to  that  coherently  illuminated. 

(4)  The  point  separation  required  to  satisfy  the 
Sparrow  like  criterion  decreased  as  the  aperture- 
origin  separation  increased  for  both  coherent  and 
incoherent  illumination  for  the  three 
multi-aperture  systems  evaluated. 

(5)  Rotation  of  the  two  point  sources  in  the  object 
plane  produced  a  substantial  change  in  the  side 
lobe  maxima  at  various  point  separations. 
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C--Tht  total  INTENSITY  OUC  TO  MOTH  Pt/INT  SOJRCcS  IS  (FUR  I NCOH  E  R  E  NT  D  " . 

C  The  total  FIcLD  amplitude  due  to  BOTH  point  SOURCES  IS  (F0(  COHERENT)* 

c 

za  IF  (PTSEP. =  ■). D. OC)!H  00 

c- 

C  IF  (EEO  TO  LUOK  AT  FIELD  FRON  A(I,J)  ONLY,  TAKE  COMNF.NT  'Jpc  OF  nEXT 
C  LINE  AND  PLAC=  comment  ON  A(I,J)-0.0 

C 

C  d(l»J)-0.0 

C 

C  IF  i(bEO  TU  L'jrjK  AT  FIELO  FfeOH  8(1, J)  ONLY,  TAKF  COMMENT  0F=  OF  N£xT 
C  LlNt  AND  PLACE  COMMEMT  UN  8(I,J)-0,0 


C  A( I , J ) -0.0 

C(I,J)  -  A(I,JI  ♦  8(1, J) 

IF  (CUHcR. FO. SO  I  GO  T)  7  )Z 

e  - 

C  TmE  iNToNSirr  in  r IjMSE  plane  is  (use  fur  INCPHtFENT  )  : 

c 

INT  (  I  ,  J  )  -C(  I  ,  J  )  /CNUR'1 
IF  (LUhtR.‘=  J.SDGil  TO  £40 
C 

C  USc  TMc  NrXT  LlNJ  =1''  CUMEn;-  <T  I'iAf.lwO  ONLY.  THIS  LINE  MILL  P-^i.VlCr 

c  IinTunsiiy  iNF{p \ r ion 

c 

70d  INT (  I  ,  J  ) -0 (  I , J)  **2/0NJRM 

C 

C  IF  need  TU  LOOK  IT  -I^LD  AMPLITUt)-,  PLACE  COMMENT  ON  LIN=  AIOVE  am)  TA< 
C-COMMtNT  off  of  TM^  next-line  --  - 

C 

C70£  InT (  I  ♦  J )  -C (  I  t J) /ONORM 


69 


1 


>1 

I 


I 


.4 


I 


a 


c 

<i80  C'JNTiNUb 
^75  CUNTlfJUb 
C 

C  FltW  THE  MAXMIJI  7  4L'J=  OF  INTENSITY 
C 

- -  -  - 

DU  10 

DU  20  J-liA8 

IF  (  INTI  I  ,  J J.ir,H)H-lNT(  I  ,  J) 

20 - CUNTlNUe  -  - 

10  CUNTINUc 

C 

C  NORMALIZE  INTENTSITY  TO  A  MAXlt-UM  VALUE  QF  l.OO 


UU  15  I-lfA8 
DU  17  J-1»A8 
INTI  I , J J"INT(  !♦ J)/H 


CUM'icNT  UUT  NEXT  L I IF  FplOlNG  2  DM  iJTbNSITY  VS. 
PUlrJT  SEPAkATIiT'I  plus 


^  NEXT  LINE  SETS  VALUES  FuR  THRESHOLD  VALUES  OF  INTENSITY 
^  ^IFIInTII  tJ).LT..5)  lNTII,JI-.5 

C  CLM'icNT  UUT  NEXT  L I ‘U  IF  FplOlNG  2  DM  INTENSITY  VS. 

C  PUlrU  SEPAKATinN  PLUS 
C 

C  -  ^YRI  TE  I  15.  A2>  I  ,  J ,  I  NT!  I  ,  J» 

17  CiJNTlNUE 
15  continue 

C 

^  FINU  the  nix  INT-NSITY  TN  R.H.S,  0=  PLANE 


NRI TE I  15. A2>  I , J , I  NT! I , J» 

CiJNT  INUE 
continue 


FINU  the  nix  INT-NSITY  TN  P.H.S,  0=  PLANE 


Hl-INT I  1,1) 
DO  11  1  -  1 . 2  A 


- DO  21  J-1. A8  .  - 

IF  I  INTI  I  .  J  ).  GT  .HDHI-INTI  I  .  J  ) 
IF  IHI.EU.  INTI  I . J)  )Kl-l 
IF  IHI.lD.  INTI  I , J)  )Ll-J 
CONTINUE 
CONTINUE 


FINU  THE  POINT  S:PA'?ATI')N  «H-N  T-l>;  SU'^'^iTIjN  CC  THE  TWO 
PkMAP.Y  PEAKS  SFACH«^S  A  MlNlwij**.  ThIS  nE  X  T  P  ^  .jC  E  DO  t.  E  pfpF)R‘*S 
This  FU.nCTION.  CENT^^IN  is  thF  YAlUF  of  Hue  IPOINT  SEPiPlTIUN) 
».hEKE  IhE  SO^'^ATITN  CF  the  Tvn  ^kIkahY  PriKS  iS  A  -IN. 


C  =  N  T  (  I  1  V  )  -  I  N  r  (  P  A  ,  ^  ) 

I F  (  (  I  i  J  J . ;  .  1 1  .  I  w  ,  (  1  1  1  ^ ,  r ,  r  -  •(  T  M  '<  I  )  ,  ’  r  •  i  p  •  l 

iJO  i  L  1  J  ’ 

IF (  Ct N r  (  I ou  ).  .  r ,  *. r ( i  ,^-i )  i ,  -.r  •'  i n  -  i  ^ -  i 

1  2  70  C'InTInut 
IZrtl  CONTINUE 

c 

C  CHtCK  IF.hAVc  a  •i\<  IiT.nsITt  (-a<  j-i.  l‘'T‘‘.SIT^I 

C  Af  iNT(2'l.2A)  fH-  r^Jl-APf  P'-AOj  '‘-A'j-  '  )' 

C  A  JO  To  I  INt  A  *<il  r  . 


If  I  (  I  luU  .  u  T.c  '  N  r  M  N  I  .  A  NO  .  U  nT  (  p  w  ,  p  »  .  .  .  .  ^  I  I  .  I  T  1  1  « '  A 


NEXT  LInE  -III  EY'CoTF  if  SfcI'noafy  -.ax  p-AulN'r 
including  the  P)S'jIOlE  •<ax  SFCJNijAl.T  P'A«  AT  InT(2a,ja)) 
>  primary  peak 


IF  (Ll  .  NE  .  2  A)  ,0  T  1  I 
p  K  I  U  I  luu  )  -  HI 


GU  TO  LLGO 


C  FINU  1AX  OF  PRI'^APY  P  =  /IK  ON  R.H.S.  3F  PLANE  wHbN  SCCONOARY 
C  PEAK  (nut  INCLUTHG  A  '1AX  S  =  CONUA<Y  PEAK  LOCaTcO  AT  INT(’A»?A)) 
C  IS  GREAIcR  THA'(  PRI'iARY  PEAK 
C 

I05a  H^O-InT( 1 , 2A) 

UU  lOSL 

IF(  INT ( I  i2A).Gr.M5  0)H50-lNT( I t24 ) 

1051  CUNTlNUt 

- PKim  I100»-H50  . 

C  HRlTfc(*,61l  * 

C  KRlTE(*tb6)H50 

C 

Cl  too - IF  -  (  (Kt.E0.2^»  .  AN0.(t.liEO.2A  »i  AND.  (PTSEP.GT.0.0n'^RITe(*«61) 

IlOO  CONTINUE 

C 

C  find  the  max  INTENSITY  ON  L.H.S.  OF  PLANE 

t - HZ-INTt  lit!  -  -  - 

C  DO  12  I-2AfA5 

C  00  22 

C  IF  ( INT(I  iJ).Gr.H2)H2-lNT(I,J) 

C-  - IF  (M2.  tUi  INT  (  I  .  J  )  )K2-I 

C  IF  (I12.E  J.  iNf  {  I  *  J  nL2-J 

C22  continue 

C12  CUNTlNUc 

C  iF  (L2.Nt.2A)  ;  ]  TO  1  15.) 

C  GU  TO  12o0 


C  FINU  iAX  UF  PKiMArlY  PEAK  ON  L.H.S.  JF  PLANE  «HE  N  THE 
C  SECUNOAKY  PEAK  IS  SPEATER  THAN. THE  PRIMARY  PEAK 
C 

CU5o  H5i-INr  (  58,2  A  ) 

C  UO  1151  1-58,25,-1 

C -  IF(  INr<  I  ,25I.Gr.H51M5l»INr(  1 ,25> 

C1151  CONTINUE 
C  WRirE(Pi62) 

C  .<RITE  (  •  ,o7)HU 


C  WRirE(P 
C  .<RITE(* 
C 

Cl20u  CONTIk 
C  IF ( ( K  2  . 
r 

i»05  CUNTlNUt 


CONTINUE 

lF((K2.EU.25).ANn,(L2.5U.25).ANO.(Pr5cP.GT.G.O))NRirE(»,S2) 


C  find  the  LUCATICN  )c  fHE  FI«ST  mIn  TO  THE  RIGHT  OF  THE 
C  PHI'^AKY  Pt.AK  IN  r^R  .'IGHT  PLANr 


PH  I 

"  AH  Y 

Pt. ak  I 

N 

THR 

RIGHT 

PLANr 

I'l 

H  J  L 

1 

J-K  1,  l 

,  “ 

1 

IP 

1  i  1.  r 

( 

I  J-U  . 

1  ) 

.  T  , 

,1  V ri  M 

»L1)  ) 

Cun  T I  Nij 

- 

MI 

N  l  K  - 

1 

) 

NlK 

I J 

r 

HL  VA. 

/  c 

IE 

TH-  'll 

K 

I  I  M  I  Nl  k  -  1  r,  T  (  I  ( ,  L  I  ) 


PI  NO  TMr  LOLATI'lN  1C  Tn-  ElKjT  Mv  Ad  JVC  The  POIMRY 
IN  TH^  K  IGHI  ^A  10  PLA 


UU  50  J  JJ-L1,58 

IF  (  IN r ( K  1  ,  J  )* I )  . GT  ,  I  NT (K  1  ,  J3  )  )  JO  T  J  50  5 
CUNT  I NUt 
JMI N2K- J  J 


503  CUNTlNUt 

505  JMI N2K- J  J 
C 

C  FInu  THb  LuCATM)  IF  THE  FIRST  ■'IN  TO  THE  LEFT  OF  The  PRMVRY 


V*  •»*  s*  s**.*  •.*  %* 


"  •  •  ■  •  •  •  k  •  *.N  .S  *• 


% 


C  MAX  IN  THt  klGHT  HAND  PLANE 
C 

UJ  13"K1»?A 

IF  (  INTI  I  J  +  l»Ll)  .r.T.lSK  I3»Lin30  10  4U6 

405  CONTINUE 

406  IMIN3K-IJ 

C  find  the  LUCATMN  of  the  FIRST  MIN  BEL'IX  THE  PRIMARY 
C  MAX  IN  THE  right  HANU  PLANE 
C 

- UO-407  J3-Ll»li-1  .  -  -  -  - 

IF  (  iNTiKlf  J3-II  .GT.lNTIKlt  jancO  TO  408 

407  CONTINUE 

408  JMIN4R-J3 


C  FINO  THE  SECUNOARY  MAX  INTENSITY  IN  THE  R.H.S.  OF  PLANE 
C 

HJ-INTI 111) 

- mr  ij  i-ii24  -  -  - . .  -  -  - 

UU  23  J«i|48 
I  J-I 
J  J-J 

-  IF  ( I ( I 3.LT, IMIN3P ) . ANC.I I3.GT. I MINIR) ) . ANO. 

6  ( (J3.lT. JMIS20) .AMO.I J3.GT. JMIN4R) ) )G0  TO  23 

IF  {lNr(I3iJ3).GT.H3)Ga  TP  IMC-j 
GO  TO  <i3 

1800  -  H3»InT(  I  3,  J3)  -  - - 

lRSEC.MAX-1  3 
23  CUNTINUE 

U _ CONTINUE  _ 

C  IF  HAVE  A  MAX  5EC3NOAPY  INTENSITY  AT  INT(  24,24)  .^HEN  POINT 
C  separation  is  such  that  primary  peaks  are  not  SUMMING  IT  INT(24,24» 
C  EXECUTE  NEXT  LINS 


IF(  I  I  iOo.GT.CSNrMIfU  .  \M0.  (  INT(24  I  24)  .06.  .N9<?)  )G0  TO  13L) 

C 

C  IF  THE  POINT  SEPARATION  OF  THE  THO  POINTS  IS  SUCH  THAT  THE  PRI-^APY 

C - PEAKS  ARE  SUMMING  AT  InT(24i24)i  EXECUTE  THE  NEXT  LINE  - 

C 

IFI  IlUo.Lt.CENTMiNJGO  TO  1595 
GU  TO  Ip 90 
1810^  PKlM(IluO)-H3 
C  mKITE(*.55) 

C  PRINT*ilNT(24i24t 

StC{Ilou)-I*^T{24.M) 

-  viU  Tu  1p9N 

C 

C  FINU  jECUnjARY  '*A<  iNTrNSITY  IN  RMS  PLA^F  IF  I  PPl-AtY  pcv<-, 

C  A«c  SUMiMl-iG  AT  I  NT  (  2  4,2  *  )  ;  I  .  (  ,  THt-.L  IS  A  CUnTHnuTMN 
C-  THt  summation  OF  rH‘=  T i»()  PkImaRY  PEAKS. 

C 

C  FINu  FIkST  min  to  5IGhT  of  the  prii  ary -peak  in  rhs 
C  PLANE  IF  THE  TwJ  PPMARY  PEAKS  AKr  SUMMING 

C -  .  -  _  . 

1595  CUNTInUl 

lEI ( I loU.LE .CEnTmI N) .  VNO. I  INTI  2  4 ,24  )  .LT.  .999)  )  1  PSEC  i  AX-<  1 
IF  I  I  I  loO.LE.C  SNTMI  N) .  AND.  I  INT  1  24,24  )  .LT  .  .999)  )  PR  MI  I  130)  -  HI 

- UtJ-  1475  I  J-IRSeC’AX  1 1 1-1  - 

IF  I  lf4T(  I  J-1,L1)  .GT.INTI  I3,L1)  )GU  TO  1476 
14  75  CUnTINUE 
1476  I2MIN1R-I3 

C - PRlNT^iPKlMIllOO)  -  - 

C 

C  FINU  THE  SECONDARY  max  INTENSITY  IN  RHS  PLANE  IF  THERE  15  A 


C  CUNThHUT  ION  DUE  TD  THE  SU-1MiriG  OF  THE  Pi^IMAKY  PEAKS. 

C 

H3-INT(ltI) 

J'J  n^jO  1-1  »2^ 

L)U  I7ut) 

IJ-I 

- JJ-J  - 

IF(  ((  13.GT.  12'iINlR  I  .A  10.(1  3.LE.2«n  .AMO. 
t  ((J3.LT.  JiI*i2R)  ,a^0.(J3.GT.  JilNAR)  )  )G0  TO  1705 
IF(INT(l3»J3).Gr.H3lH3-lMT(I3.J3) 

t705  -  eUNTiNUE  -  -  -  - 

1700  CONTINUE 
C 

1598  CONTINUE 

C - KRITE  (♦»55> - 

C  PRINT*, H3 

SEC(I100I-H3 

1599  CONTINUE  _ _ 

C  FINO  THE  LOCATION  OF  TH=  FIRST  NiN  TO  THE  RIGHT  OF  THE 

c  PEAK  IN  The  left  hano  plane 

^ -  UO  AIO  M-K2,2A,-1 

C  IF  (iNfd  A-1,L2).GT.INT(M,L2)  »G0  TO  nil 

CAlO  CONTINUE 

C^tll  IHIml-I'* 

C .  -  . 

C  FINU  THc  location  of  the  FmST  HIn  Above  the  PRI'^ARY 
C  MAX  In  the  left  HANO  PLANE 
C 

C - 00  A12  J*-L2.^5  .  - 

C  IF  ( InT(K2»JA>II.GT.INT(K2» J4» IGU  TO  413 

C412  CONTINUE 

C413 _ ^JMINZL- J4 

C  FINO  THE  LOCATION  OF  THE  FIRST  MIN  TO  THE  LEFT  OF  THE 
C  max  in  THe  LEFT  HANO  PLANE 

^ - 00  414  I4-K2,4e  -  -  - - - 

C  IF  (lNT(I4>L,L2).GT.lNT(I4,L2nGO  TO  415 

C4l4  CONTINUt 

C415  lMlNJL-14 

C  FInO  THi.  LOCATION  OF  THE  FIRST  MIN  9EL0W  THE  PRIMARY 
C  max  IN  THE  LEFT  HAND  PLANE 
C 

C  on  41(5  J4-L2 , 1  i-l  - - 

C  IF  (  r<r  IK  2  ,J '* -L  I  .  GT.  I  NT  (  <  2  .  J4  )  )  GJ  T'J  ^17 

C4io  CONTINUE 

C417  JMIN4L-J4 

C 

C  FINO  The  ScCuN'JAJY  M\x  IiTENSITY  in  L.H.  PLAI<L 
C 

C  H4-lNT(i,l) 

C - O'J  14  I-2  4,*T 

C  UU  t  4  J  -  1  , 

C  14-1 

C  J4-J 

C - IF  ( ( (  I4.LT. I  4 IN3LI . ANO. (  1 4 . G T . I M I N IL  M  .  ANO . 

C  E  (  (  J4.Lr.  JMIN2LI  .AN3.(  J4.GT.  JMIN4LJ  HGO  TO  24 

C  IF  (  INT ( I  4 ,J4 ) . GT .H41 H4-I NT( I  4,  J4 ) 

C24  CUMTINUL 

€1-4 - CONTINUE -  - - — - - 

C  4RITb(*,GOI 

C  PRINT4»H4 


7  3 


PRIM  ARY 


P  RIM  A  BY 


C  IF  ((riJ,cQ.I'<T(24,aA)  J.ANC'.{tK.E'J.lNr(2<»,24)) 

C  ■<Rir£{<',«>5)lNr(2A,2<.) 

c 

C  take  off  CUihtNT  3N  NrXT  LINE  IF  APF.KTiJRc  SEPARATIJN  ys 

C  POMT  SEPARATION  2-OIN  P.OTS 

C 

1000— CUNT  I  HUi: 

C 

C  FInU  the  location  (®OInT  separation)  WHEkL-  THE  SU'^flATION  OF  THE 
C  TWO  PRIMAKY  peaks  DECREASES  FPO'<  I.LO 

c -  -  — 

UO  i30\J  I  lO-Lt  CENTMIN 
IF(CbNT(IlO».LT. 1.0)00  TO  1301 

1300  CONTINUE 

1301  - INIT-IIO - -  -  -  -  - 

C 

C  WRITE  rNT(24i2A)  VALUES  FRQ.N  EACH  POINT  SEPARATION  WHERE 
C  THE  TWO  PRiiARY  PEAKS  SUflNED  TOJJETHER  _ 

00  1325  I lO-l .C^NTNIn 
KRITc(18«AA)I10,CENT(I10) 

1325  CONTINUE 

C -  ..  .. 

C  /*RITE  PRIflAKY  P£A<  VALUES  FP3H  EACH  POINT  SEPARATION  TO  \  '=TLE 
C  STARTING  FRUH  X  LJCATIQN  InIT 
C 

—  ■  00  lAuu  I20*lNlTtI10tj 

.IRI  TE  (  IN  ,  AA)  I  ?  3  .PR  n  (  I  20  ) 
lAOO  CUNTlNUc 
C 

^  -  WKl  Tc  SECUNUACY  1AX  VALUE  POINT  SEPARATION  TO  A  f=  ILE 

00  1A5J  130-1,1100 
HRITc(2O,AA)n0,SEC(I3O) 

I A  50—  CONTINUE 
C 

C  FINU  POINT  SLPARATnf4  WHERE  THRESHOLD  VALJE  IS  ‘'ET  OR  E<CE=)FO 
C 


- 

00  1960  I  A-ino,  1  ,-l 

1  F  (  (  S  i  C  (  I  A  ) .  01  .  .  1  )  .  0  R  .  (  C  :  N  T  (  I  A  )  .  G  E  . 

. I ) ) GO 

TO 

l'->h«!. 

1960 

CQNTINOE 

1965 

H  R I  T  E  (  2  1 ,  3  5 )  ■)  1  S  ,  I  A 

—  -  - 

00  1970  IA-I100,l,-1 

IF((SbC(IA).S=..2).0R.{CENT(I'.).GE. 

.2 ) ) GO 

TO 

1975 

1970 

CONTINUE 

19  75 

wRITb(22,38)  )IS.  lA 

OtI  1910  lA-ino,l,-L 

I F  (  (  S  E  L  (  I  A  ) .  ,  -  .  .  3  )  .  J  J  .  {  C  -  M  T  (  I  <• )  .  i. .  . 

.  3  1  )  ',0 

T 

D  5 

1  Rn  j 

CONTI N Jr 

19  B  5 

Ak I Tc  (  2  J  ,  JH)  ) 1  S  ,  I  k 

00  19'9.J  I  A-l  DO  ,1,-1 

1  F  (  1  5  c  C  (  1  A  )  .  ;  :  .  .  A  )  .  Ji’  .  (  C  N  T  1  I  A  (  .  0  •  . 

.  ', )  )  (.0 

Tu 

1  995 

I99u 

cdfj  r  I  N'jh 

1995 

9  P  I  T  M  2  ,  3  A )  u  ,  I  A 

on  20 JJ  I A-I  L  1  ,-t 

IF  ((  Sr  Cl  1  A  5  )  .  )•>.  (C  f.  T(  I<»  »  .I,t  . 

»  ■> )  )  'i  ij 

TM 

2  5 

2000 

CONTI NOl 

20  0  5 

WRI  Te  I  2  5,  3A)  U  S  ,  I  A 

00  20  Lo  lA-I  Dj,1  ,-l 

lF((StC(lA).S'=..6l.)R.(LENT(lA).Gfc. 

.  6 )  )  GO 

TO 

20  15 

2010 

CONTI  NOE 

2015 

WKI TE (  26, 38)  3  1  S  .  I  A 

- 

00  2o2u  1 A-I 100 , 1 ,-l 

lF(ISbC(lA).''.=  ..7).)9.(C''NT(IA).GE. 

.  M  )  jO 

TO 

2  '  2  5 

2C20 

CONTI  NOE 

202  5 


2030 

2035 


WKIT£(^7,3tt) DIS, M 
UO  2030  M-I  13  J,  I  t-i 

IF(  (StC(  1  <• ).  3=.  .3  )  .U»<.  (CtNT(  14)  .GE.  .y  »  )  GO 
CONTlMUt 

<<«irE(2d»33)  3IS»  14 
UO  20H0  l4-IL33tl»-l 

IF(  (SlC(  I  4».GE.  .9  I  .0^ .  <CENT(  14)  .GE.  .'))  )  GO 
CONTI.N'Jc 


2035 


20  40  CONTIiN'Jc 

2045  WRlTb(29,38)3lS»I4 

C  Wkirt  CENfKAL  SLICE  OF  INTENSITY)  I.E.  A 

-e - THfc  FIKST  LUUP(J-li45)  VIEwS"  THg- CENTRAL 

C 

UU  426  J-lt45 
^KlTE(17,44)JtINT(24,J) 

"4?6 - CUNT  I  NOE - - - - 


2045 


ONE  DIN6NSI0NAL  VI  EO, 
SLICE  ALONG  THE  Y  AXISIX' 


THIS  SLICE  VIEWS  \L'l‘lG 


AXIS 


•0.3) 


-DU  425  I-1441 

^RI  Tf  (  iof  -*4  )  I  ♦  I  NT(  I  *2  4  ) 
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